Shot noise of photon-excited electron-hole pairs in open quantum dots 
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We investigate shot noise of photon-excited electron-hole pairs in open multi-terminal, multi- 
channel chaotic dots. Coulomb interactions in the dot are treated self-consistently giving a gauge- 
invariant expression for the finite frequency correlations. The Coulomb interactions decrease the 
noise, the strong interaction limit coincides with the non-interacting adiabatic limit. Inelastic scat- 
tering and dephasing in the dot are described by voltage and dephasing probe models respectively. 
We find that dephasing leaves the noise invariant, but inelastic scattering decreases correlations 
eventually down to zero. 
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Investigation of noise^""^ generally provides informa- 
tion not available from current measurements, such as 
effective charge and quantum statistical properties of the 
carriers. Most of the work has focused on noise in the 
presence of stationary (dc) applied voltages. Of inter- 
est here are shot noise measurements in photon-assisted 
transport.'* Initial experiments investigated noise in the 
presence of both ac- and dc-potentials.^ However, re- 
cently Reydellet et al.^ reported shot noise experiments 
in the presence of ac-potentials only. There is no dc- 
current linear in voltage. Reydellet et al.^ subject one 
of the contacts of a two-terminal conductor, a quantum 
point contact, to rf-radiation. Good agreement was found 
between experiment and theory.^'^ 

The purpose of our work is to investigate a generic 
conductor with one or several contacts subject to ac- 
potentials and to investigate the effect of Coulomb inter- 
actions, dephasing and inelastic scattering on the photon- 
assisted noise. We consider a multi-terminal chaotic 
quantum dot^'* connected to electronic reservoirs via 
quantum point contacts a = 1, 2, .., Af with a large num- 
ber of channels (see Fig. 1). The reservoirs are subject 
to oscillating potentials Va{t) = VaCOs{u}t + (fia) at the 
same frequency lu, but with arbitrary phase (this is 
in contrast to the widely investigated case of shape mod- 
ulating potentials apphed to gates^). In the absence of 
a dc-bias, the elementary excitations generated by ac- 
potentials can be understood as electron-hole (e — h) pairs 
rather than single electrons. *° The interpretation of the 
noise in terms oi e — h pairs generated in the contacts of 
the sample provides an intuitively appealing picture*^ of 
the resulting shot-noise. In the many-channel regime the 
noise correlator Sxf^ between the contacts A and fi fluc- 
tuates weakly from sample to sample, and we consider 
only the mesoscopically averaged shot-noise Sx^^. 

The effect of inelastic scattering and / or dephasing on 
photon-assisted noise has, to the best of our knowl- 
edge, not been addressed in the literature. For dc-biased 
chaotic cavities, it was shown that the ensemble averaged 
noise is insensitive to dephasing. ^^'^^ It was expected^^ 
and demonstrated^^' that this is true not only for the 
conductance and shot noise but also for higher order cu- 



mulants. To investigate inelastic scattering and dephas- 
ing we employ here two models. In the first, inelastic 
scattering is introduced by connecting the cavity to a 
voltage probe. The low frequency charge current into 
the probe is zero. The voltage probe is characterized by 
a (dimensionless) rate = ft,/(T,^A), where Tip is the 
inelastic scattering time and A the mean level spacing 
in the dot. In the second, dephasing probe model, "'^^ in 
addition to the charge current, the energy exchange with 
the probe is prohibited. The rate 7^ is then due to pure 
dephasing. In both models the scattering is spatially uni- 
form, which is ensured by a large number N^p — + cx3 of 
poorly transmitting channels, F <gC 1, in the lead to the 
probe, such that = NpT is a finite constant. We 
compare the results from random matrix theory with a 
semi-classical approach and find that they lead to the 
same result. 




FIG. 1: A four-terminal (Af — 4) chaotic dot is subject to 
oscillating potentials Va{t) at contacts a = 1,2 and coupled 
to a gate with a time-dependent potential Vo{t), via a capac- 
itance C. The internal potential of the dot is U{t). Inelastic 
scattering/dephasing/ with a rate y^p is introduced by con- 
necting a probe tp to the dot. An electron-hole pair excited 
in lead 1 and split into leads 3 and 4 is indicated. 
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It is convenient to express the noise in terms of an 
effective noise temperature T* . For the correlator 
between current fluctuations in the Ath and /ith leads, 
with N\ and A^^ channels respectively, we find for low 
frequencies Two <^ NA, with A'' = J2a ^^'^ tem- 
peratures, to leading order in eVa/hui 



(1) 



tr 

N 



|tr l/e^-^p 



where Tq is the noise temperature corresponding to the 

coherent limit and Ga^ = {e^ lh){Nx5\^, - NxN^/N), 
the ensemble averaged differential conductance. Here 
we introduce diagonal matrices of the amplitudes 
V = diag(yili, VmIm) and phase shifts (f) = 
diag((/)ili, (Pm'^m), with 1a a projector matrix on the 
Ath lead. Energy conserving dephasing processes do not 
affect the noise to leading order in A^, in particular the 
dependence on the phases of the applied voltages is pre- 
served. The results from the dephasing probe model and 
the semi-classical approach coincide, which demonstrates 
the consistency of the different approaches and in partic- 
ular supports the dephasing probe model. ^'^ 

In contrast, inelastic scattering suppresses noise sim- 
ilarly to the suppression in conductors subject to a dc 
voltage only.^ The decrease of the noise temperature with 
increasing inelastic rate can be understood as follows: a 
sufficiently large voltage probe acts as an absorber of rare 
e — h pairs created in the real leads. An absorption of 
these pairs creates no potential response. Only events in 
which a single electron or hole reaches the voltage probe 
give rise to potential fluctuations and to the generation 
of e — h pairs by the probe. With increasing coupling 
to the probe it is ever more likely that both the electron 
and the hole generated in a real lead end up in the volt- 
age probe, rather then split into current-measuring leads. 
For the dephasing probe the balance of the energy cur- 
rents is reached through a non-equilibrium distribution 
in the probe. The probe serves as a source of e — h pairs 
which can be split into different outgoing leads, giving an 
additional contribution to the correlations which exactly 
compensates for the absorbed pairs. 

AC- voltages can generate excess charge densities and, 
therefore, it is important to treat the effect of Coulomb 
interactions on the noise. Experiments can be performed 
at sufficiently high frequencies for which the conduc- 
tance is energy-dependent. Then a non-interacting treat- 
ment gives an unphysical (not gauge-invariant) result. To 
have a meaningful result, also including possible external 
macroscopic gates, we consider Coulomb interactions on 
the level of the random phase approximation^^ and find 
the dynamic self-consistent potential U{t) in the sample. 
For open, many channel conductors, the neglected part 
of the Coulomb interactions (Fock-terms) gives only sub- 
leading corrections^^ and is disregarded here. 

We find a signature of Coulomb interactions when the 
period of the ac-excitation is comparable to the charge 



relaxation time r, rather than the dwell time of the 
quantum dot. A qualitatively similar result was found 
for the ac-conductance in a quantum dot.^'^ The inter- 
actions decrease the correlations: In the absence of in- 
teractions the current fluctuations in different leads are 
uncorrelated, since there is no requirement of charge con- 
servation in the dot. With interactions, these fluctuations 
are suppressed by negative feedback from displacement 
currents due to the internal potential. We remark that 
for strong Coulomb interaction, t — > 0, the noise corre- 
sponds effectively to the low frequency limit fkv <C A''A 
for the non-interacting system. This explains why the 
expression for the noise in the ac-driven system of Refs. 
[5,6] fits the experimental data [2,3] so well: the disper- 
sion of the noise is significant on a much larger frequency 
scale than applied in these experiments. 

Formalism We first consider the current correlations 
in the leads A, n using scattering theory.^'^ The coherent 
open dot is fully characterized by its unitary N xN scat- 
tering matrix S. The dot is in the chaotic regime, i.e. the 
dwell time of the dot Td = h/{NA) is sufficiently large. 
Scattering is spin- independent and the results given be- 
low are presented for a single spin direction. We take 
e = /i = /sb = 1 and express the sample-specific noise in 
terms of energy-dependent scattering matrices S{e), am- 
plitudes of applied voltages Va , their relative phase shifts 
(^a and electronic distributions in the leads fa{s):^^ 



Sx,j. = J dety:{Ac0{X,e-mu))A0a{fJ;£:)) 

klm. Q.(3 

X Jfc Jk+m Jl+m Jl (y^^ 

X e''"(^'^-'^«)/„(£-M(l-//3(^-M), (2) 

where A(A, e) = 1a — S'^ {e)'i.xS{e) and J„ is the nth or- 
der Bessel function. The noise power Eq. (2) differs from 
sample to sample according to its mesoscopic distribution 
P{Sxfj.)- However, for A^ 1 the value of the ensemble 
averaged correlations Sxfi is representative'^'* (the average 
is carried following Refs. [25,26]). We note that to lead- 
ing order in A^ ^ 1 the averaged noise is unaffected by a 
time-reversal symmetry breaking magnetic field. Below 
we first consider the effect of Coulomb interaction and 
later find the role of decoherence (dephasing) on the av- 
eraged noise Sxfi- We also show that the noise can be 
found within a semi-classical approach. 

Coulomb interactions First we find the correlations in 
the non-interacting limit, when the internal potential of 
the dot and its coupling to external gates are not ac- 
counted for. We obtain the effective noise temperature 
T*i, with Sxn = 2Gx„T, 
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In the limit ui <C A''A the noise temperature 
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with Tq* defined in Eq. (1). Only in this limit is the 
noise gauge-invariant, i.e. unaffected by a uniform shift 
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of applied potentials. At finite frequencies it is neces- 
sary to consider the internal potential U{t) to obtain 
a physically meaningful result. The interacting prob- 
lem with U{t) 7^ is reduced to the noninteracting one 
by the global uniform shift V{t) V{t) - U{t) in Eq. 
(2). The potential U{t) is found using gauge invari- 
ance of currents. Charge inflow into the dot shifts the 
potential U{t) due to capacitive coupling to the gate, 
kept at a potential Vo(t) = Vq cos(a;f + (/>o)- The cur- 
rent /a(^) at finite frequency Q, is the sum of particle 
currents Ga^(0)VJj(0) and the displacement current 
Xa{^)U{ri) due to variations of the uniform potential in 
the dot, with^^ 

Gap{n) = NJ^p- -trl„5t(£-n)1^5(£). (4) 

Gauge invariance implies a susceptibility given by^""^ 
Xa(^) = — XI /3 Ga/si,^), and the current la reads 

lam = 5^Ga/3(0)(V>(n)-f/(fi)). (5) 



We note that to leading order in V/uj only = ±uj 
contribute. From charge conservation X)„/a(i) = 
C{d/dt)[Vo{t) — U{t)], we find the sample-specific po- 
tential Uui- The potential Uu is self-averaging, i.e. 
its sample-to-sample fluctuations can be neglected, if 
Ar2|tr(ye*'^)|2 > tr {V'^e'^^f') and iV > 1. Here wc as- 
sume that this is the case and hence the potential Ua, 
averages to 
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We have introduced the electrochemical capacitance^"'^ 
l/C'/n = '^+l/C', the series addition of the geometri- 
cal capacitance C and the "quantum capacitance" de- 
termined by density of states of the cavity 1/A, as well 
as the charge relaxation resistance^^'^^i?^ = The 
Coulomb interaction thus leads to charging processes on 
the scale of the charge relaxation time r = RqC^. Us- 
ing now this Hartree potential Eq. (6) we find that the 
Coulomb interaction modifies the non-interacting result 
(3), in that the density of states 1/A is substituted^'' by 
the electrochemical capacitance . Taking into account 
the external gate potentials then yields a gauge-invariant 
noise temperature 

An important test of validity of Eq. (7) is obtained by 

considering the limit of synchronous voltages at all con- 
tacts, Va = V,(l)a = This corresponds to a global shift 
of the potential and has no physical consequences. 

Since typically C^A -C 1, this implies that much higher 
frequencies are needed to observe the dispersion of the 



shot noise than one might naively expect from the non- 
interacting result (3). As a consequence, for the exper- 
imentally relevant limit ujt <C 1, the noise temperature 
Tj* coincides with the result Tg for the adiabatic cycling 
of the potentials, co <^ NA, in the non-interacting limit. 
Below we focus on this low frequency limit lot <C 1 when 
deriving the result in Eq. (1) for dephasing and inelas- 
tic scattering. As described above, the dephasing and 
inelastic scattering is modeled by connecting the dot to 
voltage and dephasing probes. Both models require that 
the low frequency charge current into the additional lead 
(p vanishes. For a real voltage probe this corresponds to 
a voltmeter with infinite impedance at zero frequency, 
dropping off at higher frequencies. If there is no parallel 
capacitance to the probe, then the potentials of the 
probe and the dot must be equal and are obtained from 
Eq. (6) in the limit Vb = 0, CA ^ 0, w ^ 0. 

Voltage probe model Scattering in the quantum dot 
gives rise to bare particle current fluctuations in the 
leads, Sla. At low frequencies, the potential SV^ in the 
voltage probe fluctuates to maintain zero current. The 
real leads are however voltage controlled and SVa = 0. 
Thus the total fluctuation AJa(t) of the current in the 
real leads consists of particle current fluctuations 6Ia 
and additional displacement current fluctuations GaipSV,p 
[Note that G^,^ is the conductance for the dot connected 
via a non ideal contact to the probe]. The conservation 
of current fluctuations into the probe, AI^ — 0, gives 
G,paSV^{t) = —SI^{t) from which 6V^ is determined. 

We can then write the total fluctuations AI{t) = 161{t) 
with i;^ = -|- t^G\^/Gcp^, where we introduced a 



vector notation AI{t) = [Ah{t), 
(2) in the low freque 
(A/aA7^) is given by 



(2) in the low frequency limit, the total noise 5"™'* 



AJmW]. Using Eq. 
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a/3 



tr(A(A)„.A(/x). ),(8) 



where A(A) = tx — S'^^xS. For a coherent dot, the effec- 
tive noise temperature in the limit u ^ A'^A is given by 
Tq , while for a partially coherent dot the effective tem- 
perature is suppressed, given by NT^ / as stated 
in the r.h.s. of Eq. (1). This result is obtained from 
separate averaging of the matrices 1 and the 4-matrix 
correlators for a quantum dot with non-ideal leads. 

Dephasing probe model We now compare the results 
for the inelastic voltage probe with the dephasing probe 
model. Current conservation at each energy now deter- 
mines the non-equilibrium distribution function f^p (e) in 
the dephasing probe. Mesoscopic fluctuations of are 
small, so that we can characterize a dot by the mesoscop- 
ically averaged distribution f^{s). The detailed balance 
of the currents at energy s leads to 



(9) 



f3. rn > e/to 



where the summation is taken over real leads p only. To 
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leading order in Vju) the distribution is 

7^(£) = e(-e) + sgn£e(a;-|e|)^. (10) 

The fluctuations of the distribution function are treated 
in a similar way as for the voltage probe. However, the 
correlations in the dcphasing probe model have both the 
contribution (8) due to the potential V and a term 
due to the non-equilibrium distribution As a con- 
sequence, the noise is characterized by Tq, i.e. elastic 
dephasing does not affect the noise. 

We note that in an experiment, a finite temperature T 
affects the noise measurements. From Eq. (2) taken at 
finite temperature T the equilibrium noise temperature is 
readily obtained, Tg^ = T. Temperature effects can thus 
be neglected for inelastic scattering if T ^ NT^ / [N -\-^^) 
and for T <C Tq in the absence of inelastic scattering. 

Semi- classical approach The fact that 1 and the 

observation that the noise is insensitive to elastic dephas- 
ing suggests that, just as in the dc-biased case,^^~^^ a 
semi-classical description of the noise is possible. This is 
indeed the case, when V'^ /u> ^ A.^^ The point contacts 
act as independent emitters of fast fluctuations into the 
dot. The distribution fimction ,f(e,t) = f{e) + 6f{e,t) 
of the dot responds with fluctuations 5f{e,t) to preserve 
current at each energy. The total charge current into 
the probe is zero, which gives the potential of the dot 
U{t) = tr V{t)/N. The static part of the distribution 
fmiction /(e) coincides with the distribution function 
/^(e) in Eq. (10), since /^(e) was derived under the 
assumption that currents are conserved at each energy. 



The total fluctuations of the current A/a(e) in lead 
a at energy e are the sum of bare fluctuations 5Ia{e) 
and the displacement current fluctuations NaSf{s,t), 
AIa{e) = SIa{e) + NaSf{e,t). Conservation of cur- 
rent at each energy in the dot gives 5f{e,t) = 
— {1/N) J2a 5Ia{£), yielding AIa{e) in terms of the bare 
correlators SIa{s). The total noise Sx^ = (AIxAI^) is 
thus given by a weighted sum of the correlators of the in- 
dividual point contacts {SlaSI/^) = Sa^Sa, with 5„ given 
by Eq. (2) for the corresponding two terminal point con- 
tact a. Due to the non-equilibrium distribution function 
f{e) in the dot, the noise Sa is nonzero. Summing up all 
the terms in Sx^ we arrive at the effective noise temper- 
ature Tq, the same as obtained within a random matrix 
approach. Similarly we can show that a voltage probe 
suppresses the correlations, giving a noise temperature 
NT^/{N 7<p) in accordance with Eq. (1). 

In conclusion, we have investigated the shot noise of 
e — h pairs in chaotic quantum dots subject to an ac- 
bias at the contacts. The noise has been derived within 
a scattering random matrix approach as well as with a 
semi-classical approach. By including Coulomb interac- 
tions, a gauge invariant theory for flnite frequencies was 
constructed. It was found that elastic dephasing does 
not affect the noise, however inelastic scattering leads to 
a suppression of the noise. 
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